The objective of this study was to evaluate the antibacterial activities of joint fluids of patients undergoing total-knee arthroplasty (TKA). Thirty patients who were scheduled for primary cemented TKA were enrolled in the study. The patients were grouped on the basis of whether the cement was without antibiotic loading (control group) or loaded with oxacillin (oxacillin group) or vancomycin (vancomycin group). Cefazolin was administered to every patient as the perioperative prophylactic antibiotic. Samples of joint fluids were collected from the knee joints at 8, 16, 24, 32, 40, and 48 h after prosthesis implantation. We assessed the bioactivities of the joint fluids against methicillin-susceptible Staphylococcus aureus (MSSA) and methicillin-resistant S. aureus (MRSA). The antibiotic contents of the joint fluid samples were further evaluated by using high-performance liquid chromatography. Against MSSA, all joint fluid samples exhibited at least 24 h of bacterial inhibition activity. The oxacillin (43.2 h ؎ 2 h) and vancomycin (40.8 h ؎ 1.8 h) groups exhibited significantly longer durations of antibacterial activities than the control group (28 h ؎ 1.3 h; P < 0.05). However, antibacterial activity against MRSA was observed only in the vancomycin group. In conclusion, cefazolin, which was administered as a prophylactic antibiotic in TKA, exhibited good ability for knee joint penetration and was sufficient to inhibit MSSA during its administration. The use of antibiotic-loaded cement can prolong the antibacterial activity of joint fluid in TKA. Further, vancomycin-loaded cement had antibacterial activity against MRSA superior to that of cement loaded with oxacillin or without antibiotic loading.
D
eep infection is one of the most devastating complications of total-joint arthroplasty. Systemic prophylactic antibiotics have been widely accepted as effective agents for reducing the rate of deep infection (22) . Cefazolin, a first-generation cephalosporin, is commonly used for prophylaxis during joint replacement because of its broad-spectrum activity, favorable pharmacokinetics, good safety profile, and good ability for bone penetration. However, despite its use, a 1 to 2% prevalence of deep infection was noted in most of the large case series reporting on total-joint arthroplasty (12, 18) .
The use of antibiotic-loaded polymethylmethacrylate (PMMA) bone cement has been shown to be effective in the reduction of the rate of early to intermediate deep infection after total-joint arthroplasty of both the hip (14) and the knee (5) . Unlike total-hip arthroplasty, total-knee arthroplasty (TKA) is mostly performed using bone cement. The use of antibiotic-loaded bone cement has been recommended for prophylaxis against infection acquired during TKA in patients with immune-compromising comorbidities (6) . However, the in vivo behavior of antibiotic-loaded bone cement in TKA has not been sufficiently investigated.
Staphylococcus aureus is the most common organism implicated in the infection of the skeletal system (3, 8, 11) . Oxacillin, a penicillinase-resistant ␤-lactam similar to methicillin, is widely used clinically to treat penicillin-resistant S. aureus infection (2) . Approximately 20% of S. aureus isolates collected in Europe are reported to be methicillin-resistant S. aureus (MRSA); the prevalence ranges from 33% to 55% in U.S. hospitals (1) . Vancomycin, a glycopeptide antibiotic, remains the standard therapeutic agent used in most MRSA infections. Both oxacillin (16) and vancomycin (3) have been shown to be stable in PMMA and are released in a microbiologically active form. Therefore, the use of oxacillin-or vancomycin-loaded bone cement may be an effective method to prevent S. aureus infection in TKA.
To our knowledge, no study has been conducted on the bacterial-eradication abilities of joint fluid in TKA fixed with bone cement with or without antibiotic loading. Further, data on the comparison of the in vivo characteristics of bone cement loaded with oxacillin and that loaded with vancomycin are also unavailable. The aim of this study was to measure the antibiotic contents of the joint fluid of patients undergoing cemented TKA using bone cement with or without antibiotic (oxacillin or vancomycin) loading and to compare the antibacterial activities of the fluid samples against methicillin-susceptible S. aureus (MSSA) and MRSA.
MATERIALS AND METHODS
Patients and operations. The study protocol was approved by the institutional review board, and written informed consent was provided by all participants. Between May 2011 and September 2011, 30 patients diagnosed with end stage knee osteoarthritis and scheduled for primary TKA were asked for their consent to participate in this study. Patients were excluded from the study if they had diabetes mellitus, peripheral arterial occlusive disease, psoriasis, prior knee surgery, any type of lower-extrem-ity infection, osteomyelitis, or malignant tumor; had received immunosuppressive agents; or had a history of cephalosporin, oxacillin, or vancomycin allergy. The study population included 21 women (21 knees) and 9 men (9 knees), with a mean age of 68.7 Ϯ 9.2 years (range, 52 to 84 years). Patients were randomly grouped on the basis of whether PMMA was without antibiotic loading (control group; systemic cefazolin) or loaded with oxacillin (oxacillin group; systemic cefazolin plus oxacillin-loaded PMMA) or vancomycin (vancomycin group; systemic cefazolin plus vancomycin-loaded PMMA). In all cases, arthroplasty was performed with a midline incision and through a midvastus approach. A NexGen LPS-Flex fixed-bearing knee system (Zimmer Inc., Warsaw, IN) or a P.F.C. Sigma rotating-platform knee system (DePuy Orthopedics, Inc., Warsaw, IN) was used according to the surgeon's usual practice. All components were fixed with cement (Simplex P; Howmedica, Rutherford, NJ). All the patients were administered 1 g cefazolin (Chi Sheng, Taipei, Taiwan) intravenously 30 min before the operation and every 8 h after the operation for 24 h as the prophylactic antibiotic. The demographic characteristics of the enrolled patients are summarized in Table 1 . The 3 groups did not show any significant differences with regard to gender, age, body mass index (BMI), amount of drainage, amount of implanted cement, and brand of prosthesis (Table 1) .
For the preparation of bone cement, 40 g of methyl-methacrylate polymer was thoroughly mixed with or without 1 g of vancomycin (Gentle Pharmaceutical Co., Yulin, Taiwan) or oxacillin (Union Chemical and Pharmaceutical Co., New Taipei, Taiwan). Then, liquid monomer was added and mixed. The weight of the implantation cement was recorded. After implantation, 10-cm 3 aliquots of the drainage were collected under sterile conditions at 8, 16, 24, 32, 40 , and 48 h. The drainage container was changed after each collection. Along with the collection of the first drainage sample, 10-ml specimens of peripheral venous blood and midstream urine were also collected. The specimens were subsequently stored at Ϫ80°C until further analysis. Preliminary data had shown that the degradation of cefazolin, vancomycin, or oxacillin was less than 1% when it was stored at Ϫ80°C for 3 months. Hence, Ϫ80°C was considered the optimal temperature for the storage of the specimens.
Determination of antibiotic concentrations. The concentrations of the antibiotics were determined by high-performance liquid chromatography (HPLC). Chromatography was carried out on a model ALC 717 chromatograph (Waters Associates, Milford, MA) with a stainless steel column (RP18 column [100 mm by 4.6 mm; 5-m particle size] for vancomycin and oxacillin; C 18 column [300 mm by 3.9 mm; 10-m particle size] for cefazolin). The mobile phase consisted of water-acetonitrile-100 mM ammonium formate (composite ratio, 78/12/10), acetonitrile-0.5% ammonium phosphate (composite ratio, 34/66), and 50% methanol-50% double-distilled H 2 O (composite ratio, 50/50) for vancomycin, oxacillin, and cefazolin, respectively. The HPLC system had sensitivities of 0.5 g/ml for vancomycin and 0.1 g/ml for oxacillin and cefazolin. The concentrations of antibiotics in the drainage samples were then determined by comparison with the peak areas of standard curves prepared daily.
Bioassay of antibiotic activity. The bioactivity of joint fluid was determined using an agar disk diffusion bioassay with a MSSA strain (ATCC 25923) and a MRSA strain (ATCC 43300). The technique was based on the inhibitory activity of the disks (PDM Diagnostic Discs; AB Biodisk, Sweden) containing 35 l of test samples and a standardized concentration of cefazolin, oxacillin, or vancomycin. The disks were placed on MSSA-or MRSA-seeded agar and incubated overnight at 37°C. The diameters of the inhibition zones were measured using a caliper (4). All samples were tested in triplicate.
Statistical analysis. The antimicrobial concentrations of joint fluid samples obtained from different patients at each time point were sampled and tested in triplicate. The results are presented as means and standard deviations. The Kruskal-Wallis test was used to determine the intergroup differences in the continuous variables, including age, BMI, amount of drainage, amount of implanted cement, and concentrations of antibiotics. Fisher's exact test was used to determine the statistical differences of the categorical variables, including gender and type of prosthesis. Kaplan-Meier survival analysis was used to compare the groups for the durations of joint fluid antibacterial activities. The Kruskal-Wallis test was used to compare the statistical differences in the elution efficacies of PMMA loaded with oxacillin or vancomycin. Spearman's rank correlation was used to determine the correlation between the amounts of implanted cements and the amounts of antibiotic released from the bone cements. A P value of Ͻ0.05 was considered significant. 
RESULTS
Antibiotic concentrations in joint fluid. Cefazolin, which was administered as the prophylactic antibiotic in this study, was detected in the joint fluid of each enrolled patient, irrespective of whether the bone cement was loaded with an antibiotic. Further, no significant intergroup difference was noted in the cefazolin concentrations in the joint fluid samples at any time of collection (Fig. 1A) . All the samples collected within 24 h of prosthesis implantation contained cefazolin (Fig. 1A) , and the concentrations were 48.3 Ϯ 19.5 g/ml, 42 Ϯ 17.5 g/ml, and 39.2 Ϯ 16 g/ml for the joint fluid samples obtained at 8 h, 16 h, and 24 h, respectively (Fig. 1A) . However, cefazolin was detected in only 53% (16 of 30) and 20% (6 of 30) of the joint fluid samples obtained at 32 h and 40 h after the prosthesis implantation, and the concentrations were 12 Ϯ 16 g/ml and 1.8 Ϯ 6.3 g/ml, respectively. Forty-eight hours after the prosthesis implantation, cefazolin could not be detected in the joint fluid of any patient (Fig. 1A) . Cefazolin was mainly excreted through the urine, and the urinary concentration of cefazolin was 780 Ϯ 238 g/ml.
Oxacillin and vancomycin were detected in the joint fluid samples of the oxacillin group and the vancomycin group, respectively. PMMA powder (40 g) loaded with 1 g of oxacillin or vancomycin released the antibiotic for up to 48 h (Fig. 1B and C) . In the oxacillin group, the concentrations of oxacillin were 30.2 Ϯ 10.3 g/ml, 23.22 Ϯ 8.9 g/ml, 23 Ϯ 10.6 g/ml, 15.2 Ϯ 8.5 g/ml, 8.4 Ϯ 5 g/ml, and 5.9 Ϯ 3.8 g/ml for the joint fluid samples collected at 8 h, 16 h, 24 h, 32 h, 40 h, and 48 h, respectively (Fig. 1B) . Correspondingly, the concentrations of vancomycin in the vancomycin group were 16.9 Ϯ 6.3 g/ml, 14.7 Ϯ 4.9 g/ml, 12.7 Ϯ 5 g/ml, 10.1 Ϯ 4.5 g/ml, 8.6 Ϯ 3 g/ml, and 2.6 Ϯ 2.9 g/ml, respectively (Fig. 1C) . The concentrations of oxacillin and vancomycin in the urine and peripheral venous blood samples were too low to be detected by our HPLC system. During the 48 h of the sample collection period, oxacillin exhibited significantly better release efficacy (total amount of oxacillin release, 14,170 Ϯ 7,138 g) than vancomycin (total amount of vancomycin release, 7,750 Ϯ 6,621 g; P Ͻ 0.05). Spearman's rank correlation test indicated no statistical correlation between the amount of implanted cement and the release efficacy of antibiotics in either the oxacillin or the vancomycin group (data not shown).
Bioassay of antibiotic activity. Both the staphylococcal strains, MSSA and MRSA, were found to be susceptible to different concentrations of the test antibiotics (Fig. 2) . In the disk diffusion assay, the disk loaded with vancomycin exhibited a significantly smaller inhibitory zone against MSSA than that loaded with the same concentration of cefazolin or oxacillin ( Fig. 2A) . With regard to MRSA, the inhibitory zone was observed at a concentration as low as 8 g/ml in the case of vancomycin (Fig. 2B ) but could be observed only at concentrations higher than 32 g/ml and 64 g/ml of oxacillin and cefazolin, respectively.
The joint fluid samples from all the enrolled patients exhibited antibacterial activity, irrespective of whether the cement was loaded with antibiotics. However, the joint fluid samples exhibited intergroup differences in the durations of antibacterial activities (Fig. 3) . The oxacillin group (43.2 h Ϯ 2 h) and the vancomycin group (40.8 h Ϯ 1.8 h) exhibited significantly longer durations of antibacterial activity against MSSA than the control group (28 h Ϯ 1.3 h; P Ͻ 0.001) (Fig. 3A) . With regard to MRSA, the Shown are the concentrations of cefazolin (A), oxacillin (B), and vancomycin (C) in the different groups. All the patients were administered 1 g cefazolin intravenously 30 min before the operation and every 8 h after the operation for 24 h as the prophylactic antibiotic. The control group received systemic cefazolin; the oxacillin group received systemic cefazolin plus oxacillin-loaded PMMA; the vancomycin group received systemic cefazolin plus vancomycin-loaded PMMA. The data are expressed as means and standard errors of the mean (SEM) for triplicate specimens assessed for each group. joint fluid samples from the control and oxacillin groups did not exhibit antibacterial activity, and only those of the vancomycin group showed inhibitory zones on the disk diffusion assay (Fig.  3B) . Figure 4 presents the antibacterial activities of the joint fluids against MSSA (Fig. 4A) and MRSA (Fig. 4B ) in the disk diffusion assay.
DISCUSSION
Antibiotic-loaded bone cements have been widely used in totaljoint arthroplasty, particularly for patients at high risk of infection (6, 10, 17, 23) . On the basis of 2 prospective randomized trials, Chiu et al. reported that cefuroxime-impregnated bone cement was effective in reducing the rate of deep knee infection after TKA (5), particularly in the case of diabetic patients (6) . The antibiotic elution characteristics of antibiotic-loaded bone cements have been widely investigated. However, the majority of these studies have been based on in vitro models (3, 15) . In vitro studies of specimens prepared under laboratory conditions do not necessarily address actual clinical circumstances. Such studies do not account for the quantity and flow of body fluids, limb mobility, host response, and antibiotic stability in vivo. The in vivo antibiotic release characteristics of antibiotic-loaded PMMA bone cement in TKA have not yet been investigated.
Since cephalosporins are microbiologically active against most of the common pathogenic organisms, they are currently the commonest antibiotics used for prophylaxis in surgery. Compared to other cephalosporins, such as cephalothin or cephradine, cefazolin has been shown to exhibit a higher peak concentration and a longer duration of antimicrobial activity in bones for the same dose level (7) . Because of these superior characteristics, cefazolin is frequently used as the prophylactic antibiotic in orthopedic surgeries, including total-joint arthroplasty (7) . In this study, cefazolin, which was administered intravenously as a prophylactic antibiotic in TKA, exhibited good ability for knee joint penetration. When 1 g of cefazolin was used, the concentration of cefazolin in the joint fluid was sufficient to inhibit MSSA during the administration period. However, the antibacterial activity declined dramatically after the discontinuation of cefazolin.
In this study, the concomitant use of antibiotic-loaded bone cement, along with an intravenous prophylactic antibiotic, in TKA was found to prolong the antibacterial activity of joint fluid after the intravenous drug administration. A longer duration of antibacterial activity may contribute to a lower infection rate in total-joint arthroplasty with antibiotic-loaded cement (6, 10, 17, 23) . In addition, the administration of prophylactic antibiotics both systemically and in the bone cement has been proven to provide excellent results in the prevention of infection in totaljoint arthroplasty (9) . Dual-antibiotic prophylaxis has also been shown to reduce the incidence of infection, particularly MRSA infection, in total-joint arthroplasty (21) .
The use of antibiotic-loaded bone cement as a prophylactic measure requires the administration of low doses of antibiotics to avoid adverse mechanical effects on the cement used for the fixation of the prosthesis. In general, low-dose loading of antibiotic in the cement is defined as Յ1 g of powdered antibiotic per 40 g of PMMA bone cement (13) . However, the details of the in vivo antibiotic elution of bone cement loaded with low doses of antibiotics are still unknown. In this study, bone cement loaded with low-dose oxacillin or vancomycin (1 g antibiotic in 40 g PMMA) released the antibiotic for up to 48 h, thereby retaining its antibacterial activity after the implantation. These results indicate that bone cement loaded with low-dose oxacillin or vancomycin could release the antibiotic effectively in an in vivo environment. Our findings also suggest that oxacillin and vancomycin not only were stable under the high temperatures applied during PMMA polymerization, but also retained their bioactivities after exposure to body temperature (37°C) for up to 48 h. When antibiotics are used in cement, the release efficacy is the critical point determining the antibacterial activities. Our findings revealed that oxacillin-loaded cement provided a significantly better antibiotic release efficacy than vancomycin-loaded cement. This superior release efficacy may have contributed to the longer duration of antibacterial activity against MSSA in the oxacillin group than in the vancomycin group, although the difference was not significant.
The increasing resistance of S. aureus to antibiotics has become a major concern in the treatment of orthopedic infections (4, 9, 12) . A multihospital study conducted in England revealed that S. aureus is responsible for 50% of surgical-site infections (19) and that 59% of the S. aureus isolates were methicillin resistant. At our institute, 51% of the clinical isolates of S. aureus obtained in 2011 were MRSA. Thus, it appears that S. aureus is the primary bacterium toward which antibiotic-loaded bone cement should be directed (20) . In this study, only the joint fluid samples of the vancomycin group exhibited antibacterial effects against MRSA on the disk diffusion assay. This anti-MRSA activity was not observed in the joint fluid samples obtained from the oxacillin group or the control group. It may be speculated that using parenteral cefazolin with or without oxacillin-loaded PMMA bone cement is not sufficient to inhibit MRSA infection in TKA. Considering MRSA infection prophylaxis, vancomycin-loaded PMMA bone cement is a better choice than cement loaded with oxacillin or without antibiotic. However, using vancomycin as a prophylactic antibiotic in bone cement triggers several concerns, including the potential risks of toxicity, allergic reactions, and drug-resistant organisms. Therefore, its use is recommended only for revisions after primary arthroplasty because of the prevalence of antibiotic resistance in association with such revisions (13) or the high prevalence of MRSA infection or colonization at the medical institute (21) .
Our study has certain limitations. First, due to the small sample sizes and short follow-up period, we could not determine the intergroup differences in infection rates. Second, since the mechanical strength of bone cement may be compromised by mixing it with antibiotics, we do not know the impact of this alteration in mechanical strength on the fixation strength of the cement and the survival of the prosthesis. Third, only 1 type of bone cement and 1 method of preparation were used in this study. Fourth, only resistant or nonresistant strains of S. aureus were selected as test organisms in the experiment. We do not know the bioactivities of specimens against other organisms, particularly biofilm-forming organisms. Fifth, 70% (21 of 30) of enrolled patients were female in the current study. Even though gender did not seem to contribute to the differences between groups in the current study, it was possibly because of the small size of the study, which would not make it powerful enough to confirm even large differences (e.g., 90% of the vancomycin group was female). Since the specimens in this study were all prepared and tested in a uniform and reproducible manner, these results should provide useful information applicable to clinical practice.
The use of antibiotic-loaded bone cement has been shown to be effective in the reduction of the rate of deep infection after total-joint arthroplasty (14, 15) . The primary concerns regarding antibiotic-loaded bone cement include the potential for detrimental effects on the mechanical structural characteristics of PMMA when antibiotics are admixed, systemic toxicity related to high antibiotic levels eluted from the cement, allergic reactions to the specific antibiotic used, development of drug-resistant bacteria, and cost (13) . The issue of whether to use antibiotic-loaded bone cement routinely for prophylaxis against deep periprosthetic infection when performing primary or aseptic revision total-joint arthroplasty is still controversial.
In conclusion, cefazolin, which was used as a prophylactic antibiotic in TKA, was sufficient to inhibit MSSA during its administration. The use of antibiotic-loaded PMMA bone cement can prolong antibacterial protection after the discontinuation of the intravenous prophylactic antibiotic. With regard to MRSA, van- comycin-loaded PMMA bone cement provided antibacterial activity superior to that of cement with or without oxacillin loading.
